Abstract. Measurements of volatile organic compounds (VOCs) were performed in the Po Basin, northern Italy in early summer 1998, summer 2002, and autumn 2003. During the three campaigns, trace gases and meteorological parameters were measured at a semi-rural station, around 35 km north of the city center of Milan. Bimodal diurnal cycles of isoprene with highest concentrations in the morning and evening were found and could be explained by the interaction of emissions, chemical reactions, and vertical mixing. The diurnal cycle could be qualitatively reproduced by a three-dimensional Eulerian model. The nighttime decay of isoprene could be attributed mostly to reactions with NO 3 , while the decay of the isoprene oxidation products could not be explained with the considered chemical reactions. Methanol reached very high mixing ratios, up to 150 ppb. High concentrations with considerable variability occurred during nights with high relative humidities and low wind speeds. The origin of these nighttime methanol concentrations is most likely local and biogenic but the specific source could not be identified.
Introduction
Volatile organic compounds (VOCs) play a central role in the photochemistry of the atmospheric boundary layer. VOCs, carbon monoxide (CO), and nitrogen oxides (NO x ) are the precursors of the tropospheric ozone (O 3 ) production. In the urban and semi-urban planetary boundary layer, O 3 production is usually limited by the availability of VOCs. Biogenic VOCs can play an important role in regional photochemistry and O 3 formation by reducing the OH concentration in clean air masses and increasing the peroxy radical concentration that results in an imbalance in the photostationary steady state (Fehsenfeld et al., 1992; Trainer et al., 1987) . Even in some urban atmospheres in the United States, the biogenic emissions can not be neglected in respect of photochemical smog formation (Chameides et al., 1988) . However, biogenic VOC species cannot be reduced through emission controls as other anthropogenic compounds. Therefore, rising attention was given to emissions of biogenic VOCs and their oxidation processes in the last years. Due to its high reactivity, especially isoprene (CH 2 =C(CH 3 )CH=CH 2 ; 2-methyl-1,3-butadiene) and its oxidation products (methyl vinyl ketone and methacrolein) were in the focus of interest (Stroud et al., 2001; Starn et al., 1998; Curren et al., 1998; Hurst et al., 2001; Biesenthal et al., 1997 Biesenthal et al., , 1998 . Isoprene plays an important role in the production of O 3 not only in rural environments but also in anthropogenically influenced atmospheres (Biesenthal et al., 1997) . Measurements in Northern Italy over the whole year 2000 showed that the isoprene photooxidation contributed in summer 30 to 60% to the ambient formaldehyde concentrations and 50 to 75% to the local O 3 formation (Duane et al., 2002) . The general effect of biogenic VOCs on the tropospheric chemistry in Spain and for the Greater Paris Area was investigated by Thunis and Cuvelier (2000) and Derognat et al. (2003) , respectively. While biogenic emissions contributed 10 ppb O 3 for the case study in Spain, the analysis in France showed up to 40 ppb O 3 produced due to biogenic VOC emissions for an extreme day. Airborne VOC measurements in the metropolitan area of Milan showed that isoprene contributes only less than 10% to the total VOC reactivity (Dommen et al., 2002) .
Apart from isoprene and methane, methanol (CH 3 OH) is one of the species with the highest carbon turnovers in the atmosphere. Due to its high atmospheric concentrations, methanol can act at least locally as a substantial sink for hydroxyl radicals despite the slow reaction rate constant with OH. Via H-atom abstraction and subsequent reaction with O 2 , methanol is moreover a direct precursor of formaldehyde (Seinfeld and Pandis, 1998) . The lifetime of methanol due to reaction with OH is 12 days (Atkinson, 2000) . Because of the slow reactions of methanol in the gas phase, dry and wet deposition also become important sinks of this species.
The measurements discussed here were performed within the scope of the field experiment Pianura Padana Produzione di Ozono (PIPAPO; ozone production in the Po Basin) in May and June 1998 (Neftel et al., 2002) and during the FORMAT (Formaldehyde as a Tracer of Oxidation in the Troposphere) project in July/August 2002 and September/October 2003. In this paper, time series and diurnal cycles of isoprene, its main oxidation products, and methanol are presented and discussed. Especially the chemical and dynamical processes during the night were studied since they might significantly influence the starting conditions of the next day's photochemistry.
Sampling Site and Instruments
Biogenic VOC measurements were conducted during all three campaigns at Verzago-Alzate, around 35 km north of the city center of Milan. The measurement containers were placed at the border of a corn field. Corn is known to be a non-isoprene emitter (Lamb et al., 1993) or at most a very weak isoprene source (Plass-Dülmer et al., 1998) . A recent publication dealing with air-surface exchanges over corn showed that the majority (around 75%) of the VOC emissions can be related to methanol (Das et al., 2003) . No significant isoprene emission was detected in their study. The closest forest considering as an isoprene source was located approximately 200 to 300 m in southerly and westerly direction. As the forest consists of broad-leaved trees and monoterpenes are mostly emitted by conifers (AndreaniAksoyoglu and Keller, 1995) , no considerable monoterpene sources were expected at Verzago. A high-resolution emission inventory for a weekday in May 1998 for the Po Basin revealed that biogenic emissions are only significant during the sunlight hours and stationary anthropogenic sources dominate the VOC emissions whereas the traffic emissions contribute half as much .
An Airmotec HC1010 gas chromatograph (Konrad and Volz-Thomas, 2000) with flame ionization detector (GC-FID) (ChromatoSud, Saint Antoine, France) was used in 1998 and 2002 to measure hydrocarbons between C 4 and C 10 . Laboratory test with added ozone indicated that ozone up to mixing ratios of 180 ppb do not cause sampling artifacts in the used analytical system (Grüebler, 1999) . A proton transfer reaction mass spectrometer (PTR-MS) was used at Verzago in 2002 for measuring the most common atmospheric VOCs excluding the alkanes and small alkenes/alkynes (Lindinger et al., 1998; Steinbacher et al., 2004) . With this measurement technique, VOCs are measured at their parent mass + 1, resulting in an isoprene signal at m/z 69, a signal of methyl vinyl ketone + methacrolein (both with a parent mass of 70 amu) at m/z 71, and methanol at m/z 33. Another GC-FID system (Varian 3400) was operated in 2003 to measure hydrocarbons from C 2 to C 7 . Meteorological parameters like temperature, wind speed and direction, humidity, and radiation as well as inorganic species like ozone, carbon monoxide, and nitrogen oxides were also measured during the three campaigns. A more detailed description of the aims of the projects, the measurement sites, the instrumental equipment, meteorological conditions, and ozone concentrations is given in the companion paper (Steinbacher et al., 2005) . Figure 1 shows a typical time series of isoprene (measured with PTR-MS as protonated mass 69), the estimated isoprene emissions according to the Guenther algorithm (Guenther et al., 1993) , and the sum of the main isoprene oxidation products methyl vinyl ketone and methacrolein (both measured at protonated mass 71) for a period in 2002. Similar diurnal variations of isoprene were found in the measurements during summer 1998 (Grüebler, 1999) . The Guenther algorithm considers the isoprene emissions only as a function of light and temperature due to the light-and Figure 1 . Isoprene mixing ratios (m/z 69), estimated isoprene emissions according to the Guenther algorithm (Guenther et al., 1993) , and methyl vinyl ketone + methacrolein mixing ratios (m/z 71) for a 7-day period in 2002.
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temperature-dependent activity of the isoprene producing enzyme. Simpson et al. (1995) stated that the applicability of the algorithm to European conditions needs to be checked due to the different climatic conditions in the U.S. and in Europe. Steinbrecher et al. (1997) compared measured isoprene emissions with the simulated ones and concluded that the algorithm is able to predict the isoprene emissions for the Mediterranean area within an uncertainty of 50%.
Isoprene reacts rapidly with OH, O 3 , and NO 3 . The first generation products are methyl vinyl ketone (CH 2 =CHCOCH 3 ; MVK) and methacrolein (CH 2 =C(CH 3 )CHO; MACR) in addition to formaldehyde. MVK is the favored oxidation product when isoprene reacts with OH radicals whereas MACR is produced more when isoprene reacts with O 3 . The reported yields are summarized in Table I . Chemical lifetimes of isoprene, MVK, and MACR due to the reaction Table I . Yields of MVK and MACR and the ratio of the yields from isoprene oxidation due to reactions with OH radicals, O 3 , and NO 3 radicals (Kwok et al., 1996 and references therein) with OH radicals are 1.4 h, 6.8 h, and 4.1 h, respectively, assuming a 12-h daytime average OH radical concentration of 2.0 × 10 6 molecule cm −3 (Atkinson, 2000) . Recent studies have reported an anthropogenic fraction of isoprene attributed to traffic (Reimann et al., 2000; Borbon et al., 2001) . From correlation analysis of field measurements at Bresso, a sub-urban site close the city center of Milan, Grüebler (1999) concluded that in summer approximately 50% of isoprene originated from road traffic at this site. The anthropogenic fraction of isoprene can be estimated from a usually good correlation with 1,3-butadiene. 1,3-butadiene measured with the GC-FID system in 2003 was on average below 100 ppt. Reimann et al. (2000) reported for measurements on the Swiss Plateau in winter an (anthropogenic) isoprene to 1,3-butadiene ratio of 0.4. A similar analysis in France resulted in an (anthropogenic) isoprene to 1,3-butadiene ratio of 0.3 (Borbon et al., 2001) . Therefore, the evening isoprene mixing ratios at Verzago with peaks of up to 3 ppb in 2003 (see Figure 3 ) are hardly attributable to vehicle emissions. Figure 1 reveals that the measured isoprene mixing ratios cannot be explained when only considering the expected isoprene emissions. In the morning, the isoprene levels are rising with the start of the emissions but drop after 2 to 3 h and rise again in the late afternoon for a period of around 2 h. Thereafter, the isoprene concentrations suddenly decrease. Several other publications reported a similar bimodal diurnal cycle of isoprene with peaks in the morning and in the evening (Curren et al., 1998; Starn et al., 1998; Reimann et al., 2000) .
This characteristic pattern suggests an interplay between photochemical and dynamical processes. In the morning, the OH concentrations, the mixing height and the vertical mixing are low, and the isoprene mixing ratio first increases with increasing isoprene emissions. Later, OH production from ozone photolysis is enhanced, and the mixing height increases, incorporating residual layer air with lower isoprene concentrations into the boundary layer. Both effects lead to an isoprene decrease at around 11 AM. In the evening, isoprene is still emitted, and the lower OH radicals and the lower vertical mixing result in an increase in isoprene concentrations. As soon as the ground becomes colder than the air above, the stable nocturnal boundary layer arises and a distinct accumulation of isoprene occurs. The evening isoprene maxima at Verzago emerge when the estimated isoprene emissions nearly cease. This can only partially be explained by the distance of 200 to 300 m between the sampling site and the isoprene emitters and the time needed to advect the air masses from the forest to our instrument inlet. The mixing height in these evening hours must indeed be very low. After sunset, isoprene emissions vanish and isoprene mixing ratios decline due to chemical reactions with NO 3 , O 3 , and OH (OH could originate from alkene ozonolysis in the dark), and due to an increase of the wind speed (see Figure 2 ) resulting in a more efficient vertical and horizontal mixing. Typical OH concentrations during the night are up to 2 orders of magnitude smaller than during the day (e.g. Plass-Dülmer et al., 1998) . The oxidation products (MVK and MACR) are increasing shortly after the morning isoprene peak (Figure 1 ). This suggests that isoprene photooxidation is together with the enhanced vertical mixing and dilution responsible for the drop in the isoprene signal in the late morning. The concentration of the primary oxidation products also decrease around noon that again can be explained by further photooxidation and stronger vertical mixing. In contrast to the morning, the evening peak of isoprene is not followed by a peak of MVK + MACR indicating an isoprene decay due to the reaction with NO 3 or due to dynamic processes like vertical dispersion or horizontal advection of isoprenedepleted air masses. The relevant nighttime processes will be discussed in detail later in Section 3.1.3. Figure 2 illustrates the diurnal cycles of the ratio of the oxidation products MVK + MACR to isoprene, nitrogen oxides, wind speed, and temperature at Verzago for the fair weather period from August 12 to 22, 2002. We detected low ratios around 8.30 AM and 7.30 PM, and higher values during the day and during nighttime. The MVK + MACR to isoprene ratio is partly driven by the OH chemistry that decomposes isoprene, and generates and destroys MVK and MACR at the same time. Photolysis of MVK and MACR is 6 to 7 times slower than the oxidation due to the reaction with OH. Besides the oxidant chemistry, the ratio depends also on the isoprene emission strengths (and therefore on temperature and radiation), dynamic processes and the proximity of the sampling inlet to the isoprene source (Biesenthal et al., 1998; Montzka et al., 1995) . Most of the diurnal cycles of this ratio published in the previous literature showed a different pattern with low ratios during the day and increased ratios in the night reflecting the diurnal isoprene emissions profiles (Biesenthal et al., 1997 (Biesenthal et al., , 1998 Apel et al., 2002) . In contrast to that and in agreement with our data, Montzka et al. (1993 Montzka et al. ( , 1995 reported the highest isoprene concentrations in the early evening and the lowest (MVK+MACR)/isoprene ratios in the early morning and the evening. Yokouchi (1994) and Biesenthal et al. (1998) suggested a relationship between the (MVK+MACR)/isoprene ratio and the NO x concentration in the atmosphere. Since MVK and MACR are produced by the reaction of isoprene peroxy radicals with NO whereas the competing reaction of isoprene peroxy radicals with another (hydro or organic) peroxy radicals produces organic hydroperoxides, enhanced NO x levels up to 2-3 ppb could result in higher MVK and MACR yields. At higher NO x mixing ratios, the (MVK+MACR)/isoprene ratio decreases again with increasing NO x due to a limitation of OH by the reaction of OH with NO 2 forming (stable) HNO 3 molecules. The NO x mixing ratios at our sampling site were between 2 and 6 ppb, slightly above the suggested NO x optimum for the highest (MVK+MACR)/isoprene ratios. In agreement with Biesenthal et al. (1998) , elevated NO x concentrations coincide with low (MVK+MACR)/isoprene ratios. This relation should be only important during the photoactive periods, i.e. during daytime. However, the most distinct anti-correlation was found in the morning and the evening hours when photochemistry is less important. During these hours, the isoprene and NO x mixing ratios show similar profiles with elevated values due to the accumulation of the emissions in a shallow boundary layer. Most of all emissions and reduced vertical mixing determine the concentrations during this time. An analysis restricted to afternoon periods showed no relation between the (MVK+MACR)/isoprene ratio and the NO x concentrations possibly due to the small variability range of the NO x mixing ratios. It is therefore difficult to evaluate the validity of the suggestion of Yokouchi (1994) and Biesenthal et al. (1998) .
MVK + MACR to Isoprene Ratio
The wind speed is low in the early morning and late evening hours suggesting a reduced mixing when the mixing layer and the stable nocturnal boundary layer, respectively, start to develop. Low wind speeds cause less efficient horizontal mixing and also less turbulent conditions with reduced vertical mixing. But most of all, the vertical mixing is driven by convection. As the convection is strongest when the temperature at the ground is high, the temperature can be used as a rough measure for thermal convection. Lowest (MVK+MACR)/isoprene ratios, and highest NO x mixing ratios were measured when the lowest temperatures at the ground were observed.
At our sampling site the nearest major isoprene sources are approximately 200-300 m away, and therefore the (MVK+MACR)/isoprene ratio is driven by photochemistry (as seen in Figure 1 with the highest MVK+MACR ratios slightly after the morning isoprene peak) as well as by dynamic processes (as seen in Figure 2 with the lowest (MVK+MACR)/isoprene ratios in the morning and evening hours with low wind speed and temperature). Figure 3 shows an 8-day time series of isoprene, wind speed and direction, and two alkenes at Verzago in September 2003. The morning peaks were less pronounced and the evening peaks were shorter compared to 2002, but the diurnal bimodal isoprene cycle was similar to 2002 and 1998 (not shown) despite reduced isoprene emissions in fall compared to summer. Stable meteorological conditions led to a recurrent daily pattern of isoprene, wind, and other VOCs between September 17 and 21. Usually, the wind speed was reduced in the afternoon simultaneously with a stable wind direction from SSW and in coincidence with elevated isoprene levels. Between 6 and 7 PM, the wind direction switched abruptly from SSW to N followed by a sudden decrease of the isoprene signal and an increase of ethene and propene. Isoprene-depleted and more polluted air from the vicinity north of the sampling site suggested a change of the air mass. During the night, the wind direction remained north and the alkene mixing ratios decreased again due to cleaner air advection from the Alpine foothills located around 5 km north of Verzago. Based on this case study, a dominant dynamic influence on isoprene decrease seems to be likely. Figure 4 demonstrates typical decays of isoprene mixing ratios for the 2002 campaign at Verzago. In the majority of cases, an exponential decay (illustrated by a linear decay using a logarithmic scale) points to a (pseudo-)first order decay mechanism. The isoprene lifetime can be calculated from the negative slope on a logarithmic scale. For the presented days, lifetimes vary between 1.7 and 2.9 h. A summary of all isoprene lifetimes calculated from the exponential decay is given in Table II . The number of representative decays is smaller in 2003, due to both the lower time resolution of the VOC measurements and the selection criteria of more than 4 data points and a R 2 higher than 0.85 for the considered nights. In total, lifetimes are between 0.8 and 3.3 h, in a good agreement with published data of Biesenthal et al. (1998) (1-3 h) , Hurst et al. (2001) (2-5 h), and Apel et al. (2002) who distinguished between nighttime data before (lifetime of ca. 0.75 h) and after 9.30 PM (lifetime around 3.6 h).
Isoprene Nighttime Chemistry and Dynamics
In the next step of our analysis, we assumed that the decrease in isoprene concentration is entirely caused by the reaction with NO 3 . We considered a reaction • C, and calculated the hypothetical constant NO 3 mixing ratio needed to fit the measurements. For the mean lifetimes in 1998, 2002, and 2003, we received mean NO 3 mixing ratios of 10.9 ppt, 9.6 ppt, and 10.5 ppt, respectively. In total, the mixing ratios ranged from 23.0 ppt (lifetime of 0.8 h) to 5.2 ppt (3.3 h). Similar values are reported in the literature (e.g. Biesenthal et al., 1998 , Ciccioli et al., 1999 .
No NO 3 measurements were performed during the three campaigns. As the sink mechanisms of NO 3 could not be properly estimated due to the unknown loss terms like hydrolysis and deposition of N 2 O 5 as well as gas phase reactions of NO 3 with not measured VOC species (e.g. monoterpenes) (Geyer et al., 2001) , an estimation of NO 3 assuming equilibrium conditions is highly uncertain. However, we analyzed the variability of NO 3 in view of the NO 3 production rate due to the reaction of NO 2 with O 3 . Figure 5 shows a scatter plot of the NO 3 mixing ratios derived from the nighttime isoprene slopes versus the mean NO 3 production rates during the same periods. A correlation between the NO 3 production rate and the NO 3 mixing ratios that were indirectly derived by fitting the isoprene measurements is present. Estimated enhanced production rates in common with higher NO 3 mixing ratios and subsequently shorter isoprene lifetimes are visible despite of large uncertainties of both variables. The scatter might be related to other influencing processes such as horizontal advection of air masses with other isoprene contents or vertical dispersion of the measured air masses with isoprene depleted air. Lowest NO 3 values were derived for the 2002 campaign due to less polluted boundary layer conditions and Figure 5 . NO 3 mixing ratio derived from the isoprene slopes vs. the estimated NO 3 production rates for 1998, 2002, and 2003 . Open symbols represent data that are based on slopes with less than 5 data points or a R 2 of <0.85. Vertical and horizontal bars represent the errors of the slope and the standard errors of the average NO 3 production rate, respectively. Labeled data are also illustrated in Figure 7 . thus lower NO 2 and O 3 concentrations as a consequence of reduced anthropogenic activities during August as described in the companion paper (Steinbacher et al., 2005) . The isoprene decay that led to the data point with nearly 40 ppt of NO 3 was at least partly influenced by a change of the air mass. This was corroborated by an O 3 mixing ratio increase from 40 to 60 ppb between 8 and 9 PM. Excluding this data point, the correlation coefficient R is 0.69, suggesting an important influence of NO 3 chemistry on the isoprene decay at this semi-rural site. Figure 6 presents the corresponding plots to Figure 4 for the sum of the two oxidation products. An exponential decay could not be detected every night, but was still frequently observed. Assuming chemical reactions as the dominant pathway of the observed decrease in MVK+MACR (in a similar way as described above), the calculated concentrations of OH and NO 3 would be unrealistically high, much higher than required to explain the isoprene decrease. Apart from that, such high OH concentrations would result in a considerable isoprene degradation leading again to a formation of these oxidation products. Therefore, a chemical explanation for the nighttime decay of MVK+MACR could not be found.
Additionally, we performed a sensitivity analysis with a box model to gain further insight into the nocturnal behavior of isoprene and the oxidation products. For this purpose, the Master Chemical Mechanism (MCM), version3, a freely downloadable model (http://chmlin9.leeds.ac.uk/) (Jenkin et al., 1997 Saunders et al., 2003) was used. It is a nearly explicit mechanism with more than 12 600 reactions and more than 4 300 species. Here, only a reduced mechanism for the isoprene degradation including the whole set of inorganic reactions was taken into account. Two reactions representing the homogeneous hydrolysis of N 2 O 5 with one and two H 2 O molecules were added to the mechanism (Finlayson-Pitts and Pitts Jr., 2000) . Figure 7 shows the results of the box model simulations and the corresponding measurements of isoprene for four nights. MVK+MACR model results and measurements were included when available. The measured mixing ratios of isoprene, NO, NO 2 , O 3 (and MVK+MACR when available) at the beginning of the isoprene drop were used as the starting conditions of the model. NO 2 and O 3 were constrained to the measurements during the whole simulation. The heterogeneous formation of nitrous acid on surfaces in the presence of water and nitrogen oxides is not included in the model. If the heterogeneous formation of nitrous acid was a considerable sink of NO 2 , which could subsequently lead to a reduced isoprene loss by reaction with NO 3 , this process would be taken into account in the model by constraining the modeled NO 2 to the measurements. Three different loss frequencies were used in the model to account for the uncertainty of the reaction of N 2 O 5 on aerosol surfaces. Geyer et al. (2001) estimated from measurements near Berlin a variability of loss rates between 0.3 × 10 −4 s −1 and 22 × 10 −4 s −1 . Three different loss frequencies were used in our model simulations to account for the uncertainty of the reaction of N 2 O 5 on aerosol surfaces. These were the default loss rate of the MCM (4 × 10 −4 s −1 ), as well as a lower (1 × 10 −4 ; 'loss rate/4') and a higher (12 × 10 −4 s −1 ; 'loss rate * 3') rate. Figure 7a shows the night of June 4, 1998, a case with a high aerosol loading in the atmosphere. In agreement to that, the model fits best with the results when using the highest N 2 O 5 loss rate, whereas on June 21, 1998 (panel b), the model can not reproduce the strong isoprene decay at all. This points to a significant dynamic influence (e.g. due to the advection of less biogenically influenced air masses) that can not be considered by the box model. In contrast to other nights, wind speed higher than 3 m/s occurred during this period. For the case in 2002 (Figure 7c) , the model run with the highest loss rate can again nicely reproduce the isoprene decay, whereas the decay of the oxidation products can not be reproduced in accordance with the analysis already undertaken when discussing the exponential MVK+MACR decays. In disagreement to the measurements, the MVK+MACR level even increased due to a slight generation of the oxidation products during the isoprene degradation. For the last case (Figure 7d) , the model run with the default loss rate can explain the measured isoprene profile with concentrations close to the detection limit already 120 min after the start of the isoprene drop. It is possible to reproduce the decay chemically even if the low isoprene concentration after already 60 min might be due to a dynamic effect. These four cases reveal that the chemistry can often explain the isoprene decay when adapting the highly variable N 2 O 5 loss rate. Geyer et al. (2001) attributed 42% of the NO 3 loss to the reaction of N 2 O 5 with aerosols. These simulations support the simple approach presented in Figure 5 . It seems that the main driving factor of the isoprene decay is chemistry. Only in selected cases, the dynamic processes might play a dominating role.
The contribution of vertical dispersion could only be estimated. During several nights in August 2002, the ozone levels as well as temperatures stayed nearly constant beginning between 8.30 and 9.30 PM (indicated with arrows in Figure 8 ) and lasting several hours, whereas a substantial drop of both parameters could be observed before and after. It is known that O 3 concentrations considerably decrease during the night close to the ground due to dry deposition resulting in a vertical O 3 gradient. This 'step' in our temperature and ozone data could be explained by vertical mixing and downward transport of warmer and less O 3 -depleted air. This mechanism could also explain the decay of both isoprene and MVK+MACR at night. Similar to the observations, one would also expect a shorter lifetime of isoprene compared to MVK+MACR since the vertical gradient of isoprene, with its sources only at the ground, is usually more pronounced than that of the oxidation products, which can be produced in the whole boundary layer. But a weakness of this hypothesis concerns the good agreement of the measured and modeled isoprene series. The decay due to vertical dispersion has to be as strong as the expected chemical degradation so that the agreement of the model-measurement comparison would be fortuitous. Furthermore, assuming typical isoprene and O 3 gradients in the atmospheric boundary layer, it can be shown that the effect of the vertical mixing that is needed to maintain constant O 3 levels can only partly explain the observed isoprene decay.
The role that deposition plays at the sampling site is difficult to evaluate. O 3 is known for its potential to be substantially depleted due to dry deposition at night. As constant O 3 levels are often observed during the nighttime periods when the isoprene decays take place, the vertical mixing compensates the O 3 loss due to dry deposition. Deposition should be negligible for isoprene as it is a nonpolar compound. For the oxidation products MVK and MACR, deposition is a possible candidate for the decrease, because vertical mixing as well as chemistry failed. The MVK+MACR loss rate is in the same range as the estimated vertical mixing rate derived from the O 3 measurements and assumptions concerning mixing height (100 to 300 m) and O 3 deposition rate (0.5 cm/s). But consequently, negligible concentrations of MVK+MACR have to be assumed in the residual layer to attribute the whole decay to the vertical mixing.
The nighttime isoprene chemistry and dynamics were mostly studied in the United States (Biesenthal et al., 1998; Starn et al., 1998; Hurst et al., 2001; Faloona et al., 2001; Stroud et al., 2002; Sillman et al., 2002; Apel et al., 2002) . As the sampling sites were in different environments, no consistent interpretation could be found within these publications. Measurements at remote-forested sampling sites led to the conclusion that OH was the most important oxidizing agent, whereas NO 3 played an unimportant role due to the low NO x levels (Biesenthal et al., 1998; Hurst et al., 2001; Faloona et al., 2001; Sillman et al., 2002) . At sub-urban, semi-rural sites, or locations that are impacted by anthropogenic emissions, NO 3 dominates as the main chemical isoprene sink (Starn et al., 1998; Stroud et al., 2002; this study) . Dynamics like horizontal advection and vertical dispersion have to be considered at every individual sampling site but can not be generalized as it was done for the chemical processes.
3-Dimensional Modeling of Diurnal Cycles of Isoprene
A three-dimensional Eulerian model CAMx (Comprehensive Air Quality Model with Extensions) was used to simulate the diurnal cycle of isoprene. Figure 9 shows the results for May 13, 1998, an already well described case during the first intensive period of the PIPAPO campaign Andreani-Aksoyoglu et al., 2004) . CAMx (Version 4), including the Carbon Bond Mechanism IV with an aerosol chemistry module, was used (Andreani-Aksoyoglu et al., 2004) . The meteorology was preprocessed with the SAI Mesoscale Model (Baertsch-Ritter et al., 2004) . The measured mixing ratios were lower in 1998 than in 2002 and 2003 due to still reduced emissions in May. However, the model slightly under-predicts the measurements. But the model nicely reproduced the measured bimodal diurnal isoprene cycle for 9 grid cells of 3 × 3 km size around Verzago. The highest isoprene levels shown here were simulated for the 3 grid cells north of Verzago, in agreement with the emission inventory that showed larger isoprene sources within the Alpine foothills region.
METHANOL
We measured methanol mixing ratios with the PTR-MS during the 2002 campaign. The results from a 10-day period are presented in Figure 10 and show spike-like methanol plumes. Like isoprene, tropospheric methanol (CH 3 OH) can be of anthropogenic and biogenic origin. The global main sources are biogenic emissions, chemical production in the atmosphere (Galbally and Kirstine, 2002) , biomass burning (Holzinger et al., 1999) , emissions from dead plant material , and primary anthropogenic sources (Goldan et al., 1995; Holzinger et al., 2001) . Especially in summer, biogenic processes are by far the dominating sources (Holzinger et al., 2001) . The emissions are affected by leaf temperature and stomatal conductance (MacDonald and Fall, 1993) as well as by solar radiation (Das et al., 2003) . Warneke et al. (1999) reported enhanced methanol emissions of dead plant material after humidification in the laboratory. After getting wet, the VOCs attached to the cell structures dissolve in the water and are subsequently released to the atmosphere according to Henry's law.
With a total average mixing ratio of 13.2 ppb the measurements at Verzago are in good agreement with data recently published by Das et al. (2003) . They measured over a maize field in North Carolina and obtained averaged methanol mixing ratios of 16.4 and 11.0 ppb in 0.5 and 2.5 m height above the tops of the plants, respectively. No spikes were reported like in our measurements. This might be partly due to the low time resolution as hourly integrated air samples were collected. Warneke et al. (2002) measured approximately 2 m above an alfalfa field highly time resolved methanol mixing ratios between 10 and 50 ppb with some peaks up to 100 ppb. Both of these studies observed the highest methanol emissions during the day or after cutting the grass in accordance with laboratory studies. In contrast to that, our results show exceedingly enhanced mixing ratios in the late night.
Only measurements with sweet gum saplings in Alabama also revealed enhanced predawn methanol emissions (MacDonald and Fall, 1993) . Explanations of the responsible processes are still speculative. MacDonald and Fall (1993) proposed a combination of improved nighttime leaf water status influencing the cell expansion rate, a methanol enrichment in the condensed water on the plant surface or a methanol accumulation inside the plant due to a reduced stomatal conductance. Holzinger et al. (2001) observed increased methanol concentrations after rainfall in a semi-rural environment in Austria and related this effect to the process already reported by Warneke et al. (1999) .
At Verzago, the methanol levels are most probably of local origin as suggested by Figure 11 . Elevated methanol mixing ratios appeared with low wind speed and relative humidities higher than 95%. Therefore, the methanol bursts might be ascribed to a condensation process and a similar process as reported by Warneke et al. (1999) and MacDonald and Fall (1993) . Our findings show other characteristics than those reported by Holzinger et al. (2001) . They observed decreased mixing ratios after condensation and suggested enhanced methanol removal due to wet deposition on dew-wetted surfaces. We suppose that the condensed water could dissolve the methanol on the plant surface and release it afterwards in the atmosphere. The low wind speed possibly promotes the accumulation in the vicinity of the sampling site as it favors the condensation due to reduced vertical and horizontal mixing. A small part of the field was cut at the beginning of the campaign (mid to end of July) to enable an undisturbed light path from the DOAS instruments to the reflector, but the peaks appeared several weeks after the cut. Therefore a direct effect of the cut can be excluded and only an effect due to fermentation of the cut corn could be conceivable.
POTENTIAL IMPACT TO LOCAL OZONE FORMATION
We used the approach of Carter (1994) to estimate the potential impact on ozone formation from isoprene and the anthropogenic VOCs presented in the companion paper (Steinbacher et al., 2005) . We considered mean trace gas concentrations and the maximum ozone incremental reactivities to calculate mean ozone formation potentials. The results reflect the different conditions of the three campaigns and show that isoprene contributes 1.6 times more to the ozone local formation than toluene in 1998, even 5.6 times more in summer 2002 due to the reduced anthropogenic emissions, and only 0.7 times in autumn 2003. Benzene contributions range between 6 and 7% compared to the contribution by toluene. In Bresso, the ozone formation due to toluene dominates the contribution from isoprene. In 1998, it is 1.6 times, in 2003 even 4.8 times more. Benzene is also in Bresso only a minor contributor (4 to 5% compared to toluene). It is worth mentioning again that about 50% of the isoprene at Bresso was related to road traffic.
As alkenes were only measured at Verzago in 2003, a more extended set of VOCs could be analyzed with respect to ozone formation during this campaign. It showed that ethene was by far the most dominant contributor followed by toluene and propene. A similar result was found for Bresso in 2003. Ethene contributed to 35% of the ozone formation when taking into account all 29 compounds that were measured during this campaign (see Latella et al., 2005) . There, higher aromatics also played an important role. This is also in common with potential contribution to ozone formation based on source contribution estimates from chemical mass balance and positive matrix factorization for the Bresso 2003 dataset (Latella et al., 2005) . This analysis shows that gasoline and diesel exhaust are the major contributors to ozone formation (38% and 24%, respectively).
Conclusions
Three measurement campaigns within a period of 5 years were performed in the Po Basin in early summer 1998, summer 2002, and autumn 2003. Bimodal diurnal isoprene cycles were observed at the semi-rural site during each campaign and were qualitatively reproduced by a 3-dimensional Eulerian model which cannot account for local phenomena at the sampling site. The bimodal structure was most pronounced during fair weather periods due to enhanced isoprene emissions. Time series of methyl vinyl ketone (MVK) + methacrolein (MACR) showed rising concentrations shortly after the isoprene morning peak and supported the interpretation of the photochemical influence that was at least partly responsible for the isoprene decay during noontime. The second isoprene peak in the late afternoon was not followed by an increase of MVK + MACR that would be expected if the isoprene + OH reaction was the dominant process of the nighttime isoprene decay. Further analyses revealed that the reaction with NO 3 seemed to be most likely the dominating process for the nighttime isoprene decay whereas dynamic processes i.e. advection of air masses and vertical dispersion seemed to be more important for the decay of the isoprene oxidation products.
Considerable methanol peaks were observed at the semi-rural sampling site during several nights at the end of August 2002. In contrast to most of the previous publications that reported methanol emissions driven by temperature, light, stomatal conductance, or due to cutting, the enhanced methanol levels at Verzago were found during the night with low wind speed and high relative humidities. Condensation processes either on the plant surfaces or inside the plant and/or a fermentation of cut corn close to the sampling site that was promoted under humid conditions, might be responsible for the high methanol mixing ratios measured in the late night. Low wind speed could favor the enhanced levels due to reduced mixing and more favorable conditions for high humidities.
A simple approach to estimate the local ozone formation potentials of the different VOCs showed that isoprene contributed at the semi-rural site 1.6, 5.6 and 0.7 times compared to toluene to the ozone formation in were the most dominant contributors at the urban as well as at the semi-rural site. The interpretation of the VOC patterns at Verzago in this and the companion paper (Steinbacher et al., 2005) forms an important basis and provides knowledge for the further interpretation of formaldehyde as an intermediate of the VOC oxidation in the boundary layer.
